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Soil protists are increasingly appreciated as essential components of soil foodwebs;
however, there is a dearth of information on the factors structuring their communities.
Here we investigate the importance of different biotic and abiotic factors as key
drivers of spatial and seasonal distribution of protistan communities. We conducted
an intensive survey of a 10 m2 grassland plot in Germany, focusing on a major group
of protists, the Cercozoa. From 177 soil samples, collected from April to November,
we obtained 694 Operational Taxonomy Units representing >6 million Illumina reads.
All major cercozoan taxonomic and functional groups were present, dominated by the
small flagellates of the Glissomonadida. We found evidence of environmental selection
structuring the cercozoan communities both spatially and seasonally. Spatial analyses
indicated that communities were correlated within a range of 3.5 m. Seasonal variations
in the abundance of bacterivores and bacteria, followed by that of omnivores suggested
a dynamic prey-predator succession. The most influential edaphic properties were
moisture and clay content, which differentially affected each functional group. Our study
is based on an intense sampling of protists at a small scale, thus providing a detailed
description of the biodiversity of different taxa/functional groups and the ecological
processes involved in shaping their distribution.
Keywords: biogeography, functional traits, soil ecology, protozoa, microbial assembly, environmental selection,
dispersal limitation, soil protists
INTRODUCTION
Our understanding of soil ecosystem functioning relies on a clear image of the drivers of the
diverse interactions occurring among plants and the components of the soil microbiome –
bacteria, fungi, and protists. Protists are increasingly appreciated as important components of soil
foodwebs (Bonkowski et al., 2019). Their varied and taxon-specific feeding habits differentially
shape the communities of bacteria, fungi, algae, small animals, and other protists (Geisen, 2016;
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Trap et al., 2016). However, soil protistology is presently less
advanced than its bacterial or fungal counterpart, and there
is a dearth of information on the factors structuring protistan
communities: this may be due to the polyphyly of protists,
an immensely heterogeneous assemblage of distantly related
unicellular organisms, featuring a vast array of functional
traits (Pawlowski et al., 2012). Trait-based approaches offer
opportunities to gain a deeper understanding of the interactions
between microbial diversity and ecosystem functioning (Krause
et al., 2014), but have rarely been applied to protists.
Assessing how microbial diversity contributes to ecosystem
functioning requires the identification of appropriate spatial
scales at which biogeographies can be predicted and at which
the roles of homogenizing or selective biotic and abiotic
processes can be characterized. Local contemporary habitat
conditions appear to be the most important deterministic factors
shaping bacterial biogeographies, although assembly mechanisms
might differ between different taxonomic or functional groups
(Lindström and Langenheder, 2012; Karimi et al., 2018). Spatial
distribution of microorganisms is driven by different factors at
different scales (Meyer et al., 2018). At a macroecological scale,
soil microbial communities are shaped mainly by abiotic factors.
Bacteria and archaea, in particular, are mostly influenced by
pH (Kaiser et al., 2016; Meyer et al., 2018), while the diversity
and composition of fungal communities seem to be driven
by moisture and nutrient availability (Peay et al., 2016). At a
smaller scale, soil moisture influences bacteria (Brockett et al.,
2012; Serna-Chavez et al., 2013), while historical contingency
and competitive interactions seem to shape fungal communities
(Peay et al., 2016). Seasonal variability is a major factor driving
prokaryotic communities (Lauber et al., 2013), and this has been
confirmed at our study site for both bacteria and archaea (Regan
et al., 2014, 2017; Stempfhuber et al., 2016).
However, due to high microbial turnover rates as well as their
capacity for passive dispersal, a large proportion of variation
in microbial community assembly can be ascribed to stochastic
processes rather than deterministic ones (Nemergut et al., 2013),
although to what degree is unclear (Dini-Andreote et al., 2015).
However, it is well known that soil abiotic and biotic factors
contribute to deterministic community assembly (Zhou and
Ning, 2017). Deterministic patterns of community assembly
can result from species sorting along a pH gradient (Karimi
et al., 2018), habitat filtering by root exudates resulting in
selection of phylogenetically clustered microbiomes (Sapp et al.,
2018; Perez-Jaramillo et al., 2016), or patch dynamics due to
trade-offs between r- and K-selected communities driven by
differences in soil organic matter quality (Christensen et al., 1992;
Fierer et al., 2007).
Although protistan communities have been biogeographically
characterized at large scales (Bates et al., 2013), some authors
suggested that their assembly could be entirely driven by
stochastic processes (Bahram et al., 2016; Zinger et al., 2018). We
hypothesized that by providing a thorough sampling of protistan
communities in soil, we would demonstrate that spatial and
temporal abiotic and biotic processes significantly contributed
to protistan community assembly. In particular, among abiotic
factors, soil moisture (Bates et al., 2013; Lentendu et al., 2014),
pH, carbon, and nitrogen (Lentendu et al., 2014; Lanzén et al.,
2016) have been shown to significantly influence protistan
communities. We expected patterns of seasonality (Lara et al.,
2011), perhaps shaped by biotic factors such as bacteria and
vegetation, although with nuanced effects related to functional
groups or lineages.
Our study site was located in a mountain range in southwest
Germany and was part of a larger interdisciplinary project of
the German Biodiversity Exploratories (Fischer et al., 2010). We
applied a MiSeq Illumina sequencing protocol using barcoded
primers amplifying a c. 350 bp fragment of the hypervariable
region V4 of the small subunit ribosomal RNA gene (SSU or 18S)
(Fiore-Donno et al., 2018). We focused on Cercozoa (Cavalier-
Smith, 1998) as an example of a major protistan lineage in
soil (Urich et al., 2008; Domonell et al., 2013; Turner et al.,
2013; Geisen et al., 2015; Grossmann et al., 2016). This highly
diverse phylum [c. 600 described species, (Pawlowski et al.,
2012)] comprises a vast array of functional traits in morphologies,
nutrition and locomotion modes, and thus can represent the
diversity of soil protists. We provided a functional trait-based
classification of cercozoan and related endomyxan taxa found
in our survey. We explored in a small, unfertilized grassland
plot, how spatial distance, season, and edaphic parameters
(abiotic and biotic) shape the diversity and dynamics of the
cercozoan communities.
MATERIALS AND METHODS
Study Site, Soil Sampling, and DNA
Extraction
The sampling site was located near the village of Wittlingen,
Baden–Württemberg, in the Swabian Alb (“Schwäbische Alb”),
a limestone middle mountain range in southwest Germany.
Details of the sampling procedure are provided elsewhere (Regan
et al., 2014; Stempfhuber et al., 2016). Briefly, a total of 360
samples were collected over a 6-month period from spring
to late autumn in a 10 m2 grassland plot within the site
AEG31 of the Biodiversity Exploratory Alb (48.42 N; 9.5 E),
with a minimum distance of 0.45 m between two adjacent
samples (Supplementary Figure S1). For this study, we selected
180 samples, 30 samples from each sampling date (April,
May, June, August, October, and November 2011). We were
provided the soil DNA, extracted from duplicate homogenized
soil subsamples (300 mg each) as described in Regan et al. (2017).
Soil physicochemical parameters were determined as described
in Regan et al. (2014, 2015); the parameters included in our
analyses are listed in Supplementary Table S1, with their seasonal
variation illustrated in Supplementary Figures S2, S3. Over
this area, spatial variability was limited; only the proportion
of clay content varied (indicated in Supplementary Figure S2
by high boxes). Soil moisture changed most dramatically over
the sampling period, with a peak in April and lowest values
in May and October (average = 40%, max = 63%, min = 23%,
SD = 11). Microbial biomass-related carbon and nitrogen
parameters peaked in April. Bacterial cell counts showed a
distinct peak in April. Living plant and fungi-related parameters
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followed the seasonal pattern of a minimum after winter, a
maximum in summer, and a decrease in autumn (for the plant
biomass, after mowing in August), with plant litter biomass
following an inverse trend (Supplementary Figure S2).
Amplification, Library Preparation, and
Sequencing
Primer design, barcoding primers, amplification, library
preparation, and Illumina sequencing have been described in
detail (Fiore-Donno et al., 2018). The primers covered nearly the
total diversity of Cercozoa, although they were biased against
Endomyxa (mostly parasitic lineages). The primers amplified
a fragment of 335–544 bp of the hypervariable region V4 of
the SSU. Briefly, amplicons were obtained in two successive
PCRs, the first using 1 µl of 1:10 soil DNA as template, the
second using semi-nested primers and 1 µl of the first PCR
as template. We employed the following final concentrations:
GreenTaq polymerase (Fermentas, Canada) 0.01 units, buffer
1x, dNTPs 0.2 mM and primers 1 µM. The thermal program
consisted of an initial denaturation step at 95◦C for 2 min,
24 cycles at 95◦C for 30 s, 50◦C for 30 s, 72◦C for 30 s; and a
final elongation step at 72◦C for 5 min. Barcoded primers were
used in the second PCR to index samples. We pooled 15 µl
of each of the successfully amplified samples (including the
mock community, see below), then reduced the total volume to
80 µl; c. 800 ng of amplicons were used for the single library
preparation as previously described (Fiore-Donno et al., 2018).
The library concentration was 23 nM, of which 10 pM were used
for the Illumina sequencing run. Sequencing was performed
with a MiSeq v2 Reagent kit of 500 cycles on a MiSeq Desktop
Sequencer (Illumina Inc., San Diego, CA, United States) at the
University of Geneva (Switzerland), Department of Genetics and
Evolution. To validate the bioinformatics pipeline (see below),
we amplified DNA from a “mock community”, consisting of
known representative Cercozoa (Fiore-Donno et al., 2018),
plus Cercomonas longicauda provided by S. Flues (GenBank
DQ442884), totaling 11 species.
Sequence Processing
Paired reads were assembled following a published protocol
(Lejzerowicz et al., 2014). The quality filtering discarded (i) all
sequences with a mean Phred quality score < 30, shorter < 25
bases, with 1 or more ambiguities in the tag or in the sequence
and with more than one ambiguity in the primers, and (ii)
assembled sequences with a contig of < 100 bp and more than
10 mismatches (Table 1). Sequences were sorted by samples
(“demultiplexing”) via detection of the barcodes (Supplementary
Table S2; Fiore-Donno et al., 2018). The bioinformatics pipeline
was optimized using the mock community. We first separated
the sequences obtained from the 11 known taxa and ran the
analysis with the steps listed in Table 1. The settings that made it
possible to retrieve the expected 11 operational taxonomic units
(hereafter OTUs) from the mock community were then applied
to the environmental sequences.
Sequences were clustered into OTUs using vsearch v.1
(Rognes et al., 2016), with the abundance-based greedy clustering
algorithm (agc) implemented in mothur v.3.9 (Schloss et al.,
2009) with a similarity threshold of 97%. Using BLAST+
(Camacho et al., 2008) with an e-value of 1−50 and keeping
only the best hit, OTUs were identified using the PR2 database
(Guillou et al., 2013); non-cercozoan OTUs were removed.
Chimeras were identified using UCHIME (Edgar et al., 2011)
as implemented in mothur v.3.9 as previously described (Fiore-
Donno et al., 2018); chimeras and misaligned sequences were
removed (Table 1).
Cercozoan Functional Traits
We selected three categories of ecological relevance: feeding
mode, morphology, and locomotion mode. For the feeding
mode, we classified the cercozoan and endomyxan OTUs
into bacterivores, eukaryvores (feeding on algae, fungi,
other protists, and small animals but with no reports
of feeding on bacteria) and omnivores, feeding on both
bacteria and eukaryotes, according to available information
in the literature. We applied two criteria for morphological
classification: (i) the presence or absence of a shell (testate
or naked); (ii) if the cell was an amoeba, a flagellate or
an amoeboflagellate. We retained existing combinations,
consisting of five categories (Supplementary Table S3).
We further distinguished two types of tests, organic or
agglutinated – from those made of silica. The major difference
in locomotion mode was set between cells creeping/gliding on
TABLE 1 | Number of reads retrieved at each step of the bioinformatic pipeline.
Mock community (11 taxa) Unique Genuine
Cercozoa




Representative sequences 8430 7582 7552 7319 182 11
All sequences 22818 14723 14693 14321 14321 14031
% removed 0 10 0.2 3 0 2
Environmental reads Trimmed Unique Clustered 97% sim. rel.
abundance ≥ 0.01
Genuine, aligned, non-chimeric
Representative sequences 10052231 5556619 1324 694
All sequences 10052231 10029413 7856763 6225241
% removed 0 22 21
Initial number of paired reads = 15445807.
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FIGURE 1 | Sankey diagram showing the relative contribution of the OTUs to the taxonomic diversity. Taxonomical assignment is based on the best hit by BLAST.
From left to right, names refer to phyla (Cercozoa, Endomyxa), class (ending -ea), and orders (ending -ida). “Unassigned” refer to sequences that could not be
assigned to the next lower-ranking taxon or to “incertae sedis” order or families. Numbers are percentages of sequences’ abundances – taxa represented by <1%
are not shown.
FIGURE 2 | Functional diversity of cercozoan taxa. The relative proportions of
functional groups classified according to nutrition, morphology, and
locomotion modes.
substrate (on soil particles or on roots) versus free-swimming
ones (in interstices filled with water). The phytomyxean
parasites (Endomyxa), due to their peculiar life cycle, were
considered separately in each functional category. We
assigned traits at different taxonomic levels, from order to
genus (Supplementary Table S3), and provide the respective
references (Supplementary Table S4).
Statistical and Phylogenetic Analyses
All statistical analyses were carried out within the R environment
(R v. 3.5.1) (R Development Core Team, 2014). Community
analyses were performed with the packages vegan (Oksanen
et al., 2013) and betapart (Baselga, 2017). We used: (i) Mantel
tests and correlograms for spatial analysis; (ii) redundancy
analysis (RDA) and generalized linear mixed models (GLMM) to
describe the influence of environmental factors on community
and population levels; (iii) analysis of similarity (anosim), multi-
response permutation procedure (MRPP) and permutational
multivariate analysis of variance (PERMANOVA) to analyze
temporal variation at the community level; (iv) post hoc
analysis (estimated marginal means on generalized least squares
(GLS) with correction for spatial autocorrelation) to test
temporal variation among taxonomic and functional groups;
(v) variance partitioning to disentangle community turnover
into spatial, temporal, and environmental components. For RDA
and variance partitioning, stepwise forward selection based on
the Akaike Information Criterion (AIC) was used to identify
important variables. For GLMMs, the same procedure was
extended with subsequent averaging of candidate models to
obtain highly sparse models. Cercozoan diversity was illustrated
using the Sankey diagram generator V1.21. Analyses are described
in detail in Supplementary Data S1.
RESULTS
Sequencing Results
We obtained over 15 million filtered, paired reads (Table 1).
The rate of mistagging during the sequencing run (indicating
1http://sankey-diagram-generator.acquireprocure.com/ (accessed October 2018).
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TABLE 2 | Spatial correlations and effect of distance on beta-diversity.
A Mantel test B Mantel correlograms
Mantel R p value (corrected) Smallest distance p val. corr. Largest distance p val. corr.
All OTUs 0.1661 0.0001 All OTUs, 9 classes 0.45 0.0001 3.5 0.0008
All OTUs, 16 classes 0.45 0.0001 3.75 0.0024
All OTUs, 32 classes 0.45 0.0001 3.875 0.0198
Functional traits: Functional traits:
Gliding on substrate 0.1609 0.0001 Gliding on substrate 0.45 0.0001 3.5 0.0008
Bacterivores 0.1642 0.0001 Bacterivores 0.45 0.0001 3.5 0.001
Flagellates 0.1384 0.0001 Flagellates 0.45 0.0001 3.5 0.0032
Amoeboflagellates 0.1714 0.0001 Amoeboflagellates 0.45 0.0001 3.5 0.0008
Testate 0.0941 0.0002 Testate 0.45 0.0001 3.5 0.0274
By seasons: By seasons:
April 0.2702 0.0022 April 0.45 0.001 3.5 0.0176
May 0.1141 0.1041 May Mantel not significant
June 0.2608 0.001 June 0.45 0.0001 – –
August 0.1654 0.0183 August 0.45 0.0001 2.5 0.0136
October 0.1239 0.0332 October 0.45 0.0001 1.5 0.0103
November 0.1121 0.0791 November 0.45 0.0008 1.5 0.0277
A: Mantel tests (9999 permutations, Spearman correlation coefficient) calculated between the Bray–Curtis dissimilarity matrices and the Euclidian distances between
sample coordinates. B: Mantel correlograms (9999 permutations, Spearman correlation coefficient) calculated with definite distance classes. Since results among 9, 16,
and 32 classes were comparable for all OTUs, correlograms for OTUs grouped by functional traits and seasons were calculated using 9 classes. Positive correlations
were found from the minimal distances between samples (0.45 m) to distances up to 3.875 m (Figure 3).
cross-over between adjacent clusters) was low, only 0.92%.
To retrieve the 11 OTUs from the mock community, OTUs
represented by≤ 0.01% of the total sequences had to be removed;
thus, this cutoff was applied to the environmental sequences. Not
applying this cutoff would have drastically inflated the number of
OTUs retrieved from the mock community (182 OTUs instead
of 11). The percentage of non-cercozoan/endomyxan OTUs
accounted for only 7.63% of the total sequences, confirming
the high specificity of the primers. We obtained 694 genuine
cercozoan/endomyxan OTUs from 177 grassland soil samples
representing 6225241 sequences (Table 1). Three samples could
not be amplified (Supplementary Figure S1). An NMDS analysis
indicated that an additional sample was an outlier, thus it was
omitted from subsequent analyses. The average number of OTUs
per sample was 637 (maximum 681, minimum 407, SE 38.2).
The average of sequences/soil sample was 35171 (maximum
153794, minimum 9808, SE 18.415), leading to an estimation of
the coexistence of an average of c. 1000 cercozoan OTUs per
gram of soil. We provide a database with the OTU abundance
in each sample, their taxonomic assignment and their estimated
functional traits (Supplementary Tables S3, S4).
Diversity of Cercozoa
At a high taxonomic level, the majority of the 694 OTUs
could be assigned to the phylum Cercozoa (91% of the
sequences) (Figure 1), the remaining to Endomyxa (9%) and
to the incertae sedis Novel clade 10 (Tremulida, 1%). Only
39% of the OTUs had 97–100% similarity to any known
sequence in the PR2 database (Supplementary Figure S4).
The 12 most abundant OTUs (>10000 sequences) accounted
for 45% of the total sequences, while many low-abundance
OTUs (243 < 1000 sequences) contributed to only 3% of
the total sequences. These 12 OTUs were attributed to five
orders: Glissomonadida (mostly Sandonidae), Cryomonadida
(mostly two different Rhogostoma lineages), Plasmodiophorida
(mostly the parasitic Polymyxa graminis), Cercomonadida
(Eocercomonas and Paracercomonas), and Spongomonadida.
The phylogenetic tree (Supplementary Figure S5) obtained
with 176 reference sequences and 694 OTUs was rooted with
Phytomyxea (Endomyxa); the vampyrellids (Proteomyxidea)
and the Novel Clades 10-11-12, were paraphyletic to the
monophyletic Cercozoa (93%). In Cercozoa, the main clades were
recovered, although with low support. We were able to recover
environmental sequences from nearly every clade of the tree.
The rarefaction curve including all samples reached a plateau,
suggesting that the global richness of 694 OTUs could have been
obtained by c. 70000 sequences (Supplementary Figure S6A),
and by only 15 samples (Supplementary Figure S6B), and
that the observed distribution patterns would not have been
influenced by undersampling. Most OTUs were present in all sites
(only 8.15% of absences in Supplementary Table S2). Multiple
site beta diversity, calculated with either presence-absence or
abundance on both rarefied and relative data, showed minor
variation between the six sampling dates, which was confirmed
by a resampling approach of random subsets (average resampled
Bray–Curtis distances comprised between 0.715 and 0.745)
(Supplementary Table S5).
Functional Diversity
More than half of the soil cercozoan OTUs were considered
to be bacterivores (57%), followed by omnivores (21%),
and eukaryvores (4%). Plant parasites (3%) and parasites of
Oomycota (1%) were only marginally represented (Figure 2).
Naked flagellates (36%) or amoeboflagellates (34%) together
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constituted the majority of the morphotypes, whereas testate cells
(organic/agglutinated or siliceous) were less frequent, 12 and 7%,
respectively. Naked amoebae were only marginally represented
(1%). The dominant locomotion mode was creeping/gliding on
substrate (86%), with only 1% free-swimming.
Spatial Structuring and Seasonal
Variation
The spatial distribution of the cercozoan communities was
non-random for all OTUs (Mantel R = 0.1661, p = 0.0001),
and also for all functional groups considered (Table 2). Mantel
correlograms indicated that similarities among communities
decreased with distance, although the coefficients were low
(Mantel correlograms, Figure 3 and Table 2). At distances
between 0.45 to 3.9 m, cercozoan communities showed positive
autocorrelations, whereas communities at distances between 5.5
and 12 m were more dissimilar (i.e., negatively correlated).
No spatial autocorrelations were observed at distances ranging
from 4 to 5.5 m (Figure 3). These results were reproducible at
different distance classes, i.e., at intervals of 0.25, 0.5, and 1 m
(Figure 3A). Similar results were obtained when functional traits
were considered (Figure 3B).
In contrast to the overall homogeneity of beta diversity,
cercozoan community structure changed significantly over time
(anosim: R = 0.22, p < 0.001; PERMANOVA: F5−170 = 5.01,
p < 0.001; MRPP: p < 0.001), although ordination (PCoA)
suggested that the community turnover between April and
May was most influential (Supplementary Figure S3). The
cercozoan communities, binned by families or functional groups,
showed distinct seasonal patterns of relative abundance
(Figure 4). While the bacterivorous families peaked in
April and decreased in May (except Spongomonadidae),
the omnivorous, shell bearing Euglyphidae, Rhogostomidae,
and Trinematidae exhibited an opposite pattern, increasing
from April to May. The relative abundance of endomyxan plant
parasites (Polymyxa and Spongospora) did not differ over the
sampling season.
The Main Driver of Cercozoan Species
Turnover: Season, Distance, or Soil
Parameters?
Cercozoan beta diversity was influenced by soil parameters
(shown in Supplementary Table S1) (RDA: F11−164 = 3.3301,
p = 0.001), spatial distance (RDA: F6−169 = 3.0202, p < 0.001),
and seasonality (RDA: F3−172 = 3.389, p < 0.001). Variance
partitioning among the four predictors indicated that biotic
and abiotic soil parameters, spatial distance, and seasonality
together accounted for 18.32% (adjusted R2) of the total
variation in cercozoan beta diversity (Figure 5). Spatial
distance explained 4.4% of the variation, followed by abiotic
soil parameters (3.5%), seasonality (1.2%), and biotic soil
parameters (0.4%). Different combinations of the predictors
would explain the remaining variation, notably spatial
distance/abiotic soil parameters (3%) and abiotic/biotic soil
parameters (2.3%).
FIGURE 3 | Effect of distance on the beta-diversity of the cercozoan
communities. (A) Mantel correlograms based on Bray-Curtis OTUs
dissimilarities compared to Euclidian spatial distances and the Spearman
correlation coefficient. Three distance classes were considered, resulting in
intervals of 0.25, 0.5, and 1 m. Only significant values (p < 0.05) are
highlighted with black squares. Positive correlations were detected at
distances from 0.45 to 3.875 m, no correlations at distances between 4.0 and
5.5 m. From 5.5 to 12.4 m, the communities were negatively correlated.
(B) Mantel correlograms as above, calculated for OTUs grouped by the most
represented functional traits, with nine distance classes.
Edaphic Parameters Influencing
Cercozoan Communities
Among soil abiotic factors, soil moisture was most important
(ANOVA: F1,163 = 11.546, p < 0.001), followed by clay, organic
C, pH, total N, and NO3− content (Table 3). Biotic parameters
(microbial biomass C and N contents, number of bacteria,
litter, archaeal 16S, plant biomass and fungal PLFAs) explained
a significant but lower amount of the variation in cercozoan
beta diversity (Table 3). Using linear mixed effect models,
we specified which abiotic and biotic factors affected the 12
most abundant cercozoan families (Supplementary Table S6).
Two-thirds of the cercozoan/endomyxan families (8 of 12) were
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FIGURE 4 | Box plots of the seasonal variation in the relative abundance of the 12 most abundant cercozoan families characterized by their nutrition mode (in
different colors). Note that the y-scale varies between graphs. The small letters a, b, and c designate statistically significant differences in abundance between
sampling dates (contrasts of estimated marginal means on generalized least squares models after correction for spatial autocorrelation). A change of letter from “a”
to “b”, or “c” indicates a significant difference between sampling dates; “ab” indicate non-significant differences between dates sharing those letters.
positively affected by soil moisture (p < 0.001), but not the
Spongomonadidae, the Allapsidae, or the parasitic Spongospora
nasturtii and Polymyxa lineages. The relative abundances
of the testate amoebae, i.e., Euglyphidae and unclassified
Euglyphida, Trinematidae, and Rhogostomidae, responded
negatively to soil moisture. In contrast, naked flagellates and
amoeboflagellates were positively correlated with increasing soil
moisture. Flagellates correlated negatively and amoeboflagellates
positively with clay content. Flagellates, Sandonidae, and plant
parasitic Polymyxa were positively correlated with pH, while
testate amoebae (Euglyphidae) were negatively associated with
pH (Supplementary Table S6).
DISCUSSION
Environmental Selection or Random
Distribution?
Using Cercozoa and Endomyxa as models of very diverse and
abundant soil protists, we demonstrated that their community
composition in a small grassland site was non-random, but
instead was spatially and temporally structured. With on average
an estimated 1000 OTUs per gram of soil, high local species
richness was a striking characteristic of cercozoan communities,
with however small changes in beta diversity across space and
time (Supplementary Table S5). Our results align with the
consistent patterns of high alpha – and low beta diversity which
have been found for protists in grasslands (Fiore-Donno et al.,
2016) and, including specifically Cercozoa, in tropical forests
(Lentendu et al., 2018). Sufficient sampling, attested by our
saturation curves (Supplementary Figure S4), allowed us to
further partition the beta diversity suggesting that deterministic
processes drive the observed cercozoan community assembly.
Nonetheless, our design did not allow us to exclude the
influence of neutral dynamics and competitive interactions
that may lead to similar distribution patterns (Dini-Andreote
et al., 2015). Spatial distance (4.4%) and soil biotic and
abiotic factors (2.9%) explained substantial variation indicating
that cercozoan communities were significantly influenced by
spatial gradients in the edaphic parameters (Figure 5 and
Supplementary Figure S2).
On a small spatial scale, our results correspond to large-scale
patterns of protistan distribution as described by Lentendu
et al. (2018), who established environmental selection as the
main process driving protistan spatial patterns. This is in
striking contrast to two recent studies. Bahram et al. (2016)
reported a random spatial distribution of small soil eukaryotes,
including protists, in boreal forests at a range of 0.01 to 64 m.
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FIGURE 5 | Venn diagram of variance partitioning analysis illustrating the effect
of distance, season, and environment (biotic and abiotic edaphic factors) on
the cercozoan communities. Values show the percentage of explained
variance by each set of variables, and of joined effects in the intersections.
They explained the observed distribution by invoking drift and
homogenizing dispersal. The most striking difference compared
with our study is the low efficiency of their ITS2 primers for the
retrieval of protists (66 rhizarian OTUs, including the Cercozoa).
This is at least one order of magnitude lower than in our data,
possibly indicating a non-thorough sampling of the rhizarian
communities in their study, which could in turn have hampered
a robust assessment of the observed distribution patterns. In
the second study, Zinger et al. (2018) suggested the absence of
dispersal limitation and a stochastic distribution of protists in
a tropical forest, using a 10 m-resolution sampling grid. This
might have been too coarse to detect spatial patterns of protists:
according to our results, only negative correlations could be
detected at such a distance (Figure 3).
Although we established the importance of environmental
selection, homogenizing processes such as neutral assembly
mechanisms may have contributed to the observed community
assembly, as suggested by the positive autocorrelation of
cercozoan communities up to a distance of 3.9 m (Figure 3).
However, 18.32% of explained variance (Figure 5) highlighted the
importance of microhabitats for the non-random distribution of
the cercozoan communities.
Environmental Selection and Patch
Dynamics Selected for Specific
Functional Traits
Significant relationships between functional traits and soil abiotic
and biotic factors (Supplementary Table S6) indicated that the
distribution of protistan traits was driven by environmental
selection in our study site. Some of these environmental filters
showed marked spatial gradients (clay content, pH, total N),
TABLE 3 | ANOVA results of the most parsimonious RDA model including
selected edaphic and biotic parameters.
Best abiotic predictors F ratio1,163 p value
Soil moisture 11.546 0.001
% of clay 4.8303 0.001
Soil organic C 3.7957 0.001
pH 3.3318 0.001
Total N 2.1179 0.001
NO3 1.929 0.007
Best biotic predictors F ratio1,168 p value
N microbial biomass 6.9191 0.001
Number of bacteria 4.1349 0.001
Litter 2.361 0.001
Archaeal 16S 1.7796 0.004
Total plant biomass 1.6192 0.004
Fungal PLFAs 1.5051 0.024
C microbial biomass 1.4467 0.033
while other showed more temporal variation (moisture, NH4+,
total plant biomass) (Supplementary Figure S2). Soil moisture is
well known to influence microbial activity (Tecon and Or, 2017).
The spatial variation in clay content together with the temporal
variation in soil moisture triggered opposite responses from
specific lineages or functional groups (Supplementary Table S6
and Figure 6).
Soil moisture was a major abiotic predictor in our study
site, although with different effects according to taxonomic
and functional groups. While flagellates and amoeboflagellates
were favored by moisture, the cercozoan testate cells were
correlated with drier conditions, suggesting patch dynamic
processes connected to different living modes. In accordance with
our model for Euglyphidae, Ehrmann et al. (2012) reported a
preference of testate amoebae for relatively dry soils and low pH
in forests. We can conclude that in grasslands, testate amoebae
exhibit drought resistance, in contrast with naked cells and with
cells covered with scales (i.e., Thaumatomonadidae), suggesting
a protective role of the shell (Supplementary Table S4). Building
a shell, however, slows down the reproduction rate (Schönborn,
1992), and thus generates a trade-off between protection
and reproductive fitness. In contrast, amoeboflagellates and
flagellates, with their faster reproduction rate (Ekelund and Rønn,
1994), would have an increased fitness in moist conditions.
The spatial distribution of soil clay content was an important
structuring factor in our study site. Experimentally increasing
clay content has been shown to improve water retention capacity
and favor soil bacteria (Heijnen et al., 1993). In addition, it
leads to a reduction of habitable pore space, which in our study
seemed to favor the amoeboflagellates (Paracercomonadidae and
Cercomonadidae) and the naked flagellates (Allapsidae, but not
Sandonidae) (Figure 6 and Supplementary Table S6). The small
percentage of free-swimming protists was negatively correlated
with bulk density (Supplementary Table S6), suggesting their
preference for larger soil pores. Another important structuring
factor was pH, despite its low variability in our study site
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FIGURE 6 | Schematic illustration showing the positive (+) or negative (–) interactions between the four most influential soil physicochemical parameters (based on
the ANOVA, Table 3), and the relative abundances of the major families or morphotypes (details of the models in Supplementary Table S6).
(Supplementary Figure S2 and Supplementary Table S1 – pH
6.08–7.23). Globally, cercozoans have been shown to prefer
neutral or basic soils (Dupont et al., 2016) and their relative
abundance was seen to increase significantly along a pH
gradient from c. 4 to 6.5 (Shen et al., 2014). Over a narrower
gradient, we showed that Sandonidae and the endomyxan
parasitic Spongospora nasturtii lineage were positively correlated
with a slightly basic pH, and the Euglyphidae with a slightly
more acidic one (Figure 6 and Supplementary Table S6). Our
results thus suggest that different taxa could have different
pH preferences. Soil organic carbon had a negative effect only
on the Euglyphidae, in conjunction with nitrogen content,
while the C/N ratio had a positive effect, suggesting their
preference for low-nutrient soils with a relatively higher
C than N content.
Bacterial cell counts were a major explanatory biotic factor,
negatively correlated with endomyxan plant parasites. This
correlation was robust, also when taxonomy, nutrition or
locomotion modes, and morphology, were considered. This
illustrates the fundamental role of biotic interactions shaping
microbial community structure and ultimately plant health
(Hassani et al., 2018) and confirms the filtering effect on
the cercozoan/endomyxan community structure revealed in the
rhizosphere of Arabidopsis thaliana (Sapp et al., 2018). In our
study, cercozoan taxa that positively correlated with bacterial
numbers were identified as creeping/gliding on substrate. This
is in accordance with soil protists feeding mostly on bacterial
biofilms (Böhme et al., 2009). Interestingly, there was no positive
correlation between bacterial cell counts and bacterivores. Most
bacterivorous families, however, were strongly and positively
correlated with soil moisture (Supplementary Table S6), which
shared a strong peak in April with bacterial cell counts,
potentially masking the effect of bacterial cell numbers (although
there was no co-correlation between those variables across the
year). Contrary to other bacterivores, Spongomonadidae did
not follow the seasonal variation of the bacteria (Figure 4).
This may be explained by their living modes, mostly in
substrate-attached colonies (Strüder-Kypke and Hausmann,
1998). It has been suggested that the colonial species may also
feed by saprotrophy (Strüder-Kypke and Hausmann, 1998), a
hypothesis supported by our observed positive correlation with
extractable organic carbon (Supplementary Table S6). We know
very little about the interactions of archaea with soil protists.
Thus it is worth pointing out the to date unexplained significant
negative effect of archaeal abundance on Paracercomonadidae
(Supplementary Table S6).
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Seasonal Variability Affected the Trophic
Structure of Cercozoan Communities
Cercozoan communities showed seasonal oscillations, in
accordance with results from bacteria in grasslands (Muller
Barboza et al., 2018). The most significant community turnover
occurred between April and May (Supplementary Figure S3A),
when a series of concomitant changes in edaphic factors was
observed (Supplementary Figure S2). The high soil moisture
in April favored bacterial activity and proliferation. At the same
time, high levels of extractable organic C indicated abundant
root exudates or decomposition at the onset of the plant growing
season, when plant total biomass was still low. We hypothesized
that this triggered a series of events: the bacteria, usually C
limited, were stimulated by this C input. Since fungi were not
yet abundant, bacteria were mostly responsible for the high
nitrogen content in the microbial biomass. Consequently,
the release of NH4+ (also peaking in April) may be best
explained by protistan predation on bacteria (Bonkowski,
2004). This was confirmed by the high abundances of five
bacterivorous families (Figure 4). In May, bacteria, bacterivores,
and nitrogen-related parameters all decreased, together with
soil moisture. In sharp contrast, all three omnivorous families
increased in May. We hypothesized that predation by omnivores
could have contributed to the decline of the bacterivores,
in addition to the negative effect of declining soil moisture
(Supplementary Figure S2). Our study, based on DNA, does
not make it possible to distinguish between active and resting
stages, but we probably also amplified extracellular DNA from
recently deceased cells. Thus, the seasonal variation we observed
was probably an underestimate.
Our hypothesis that the abundance of plant parasites would
follow the annual plant cycle was not supported, since they
showed no seasonal variation (Supplementary Figure S2).
Phytomyxeans are known to form resistant cysts in plant
root hairs that remain for years in the soil after plant decay
(Dixon, 2009).
Number of OTUs, Diversity, and
Functional Traits
Cercozoan diversity was in accordance with previous studies,
which established Sarcomonadea (Glissomononadia and
Cercomonadida) as the dominant class in different terrestrial
habitats (Howe et al., 2009; Geisen et al., 2015; Fiore-Donno
et al., 2018): more specifically in feces (Bass et al., 2016), in
the soil of neotropical forests (Lentendu et al., 2018), on the
leaves of Brassicaceae (Ploch et al., 2016), in heathlands (Bugge
Harder et al., 2016), and in German grasslands, including the site
studied here (Venter et al., 2017). Especially the glissomonads,
(mostly) bacterivorous small flagellates, appear to dominate in
all types of grasslands, where they can reach 5% of all protistan
sequences (Geisen et al., 2015). However, the dominance of
the remaining taxa is more variable between habitats. The
Sarcomonadea were followed by the (mostly) omnivorous
amoeboflagellates in cercomonads and by Cryomonadida,
composed of amoebae or amoeboflagellates with organic,
transparent tests. The widespread presence of Cryomonadida
in soil has been overlooked in observation-based inventories,
but confirmed by molecular environmental sampling (Lentendu
et al., 2014; Bass et al., 2016; Bugge Harder et al., 2016; Ploch
et al., 2016); especially the genus Rhogostoma is very common in
soil (Fiore-Donno et al., 2018).
In conclusion, we showed that environmental selection driven
by abiotic and biotic edaphic factors significantly determined
community assembly of Cercozoa and Endomyxa. Considering
functional traits and their trade-offs, we were able to highlight
the importance of environmental selection and patch dynamics
as underlying processes. We believe that our study has bearing
for other soil protists and soil ecosystems beyond the limits of
this small grassland plot. Once the patterns underlying the small-
scale distribution of protists are detected, they can be upscaled
and contribute to understanding global protistan biogeographies.
This is a perequisite for predicting effects of human-induced
changes (i.e., land management or global warming) on these
widespread and functionally important soil organisms.
AUTHOR CONTRIBUTIONS
EK and SM developed the design of the SCALEMIC experiment.
KMR performed the DNA extractions. KMR and RSB analyzed
the soil properties. AMF-D conducted the amplifications,
Illumina sequencing, and bioinformatics pipeline. TR-H, FD,
and AMF-D performed the statistics. AMF-D, TR-H, and MB
interpreted the data. AMF-D wrote the manuscript. All authors
participated in the revisions and approved the final version
of the manuscript.
FUNDING
This work was partly supported by the DFG Priority Program
1374 “Infrastructure-Biodiversity-Exploratories.” Funding to
AMF-D and MB was provided by BO 1907/18-1; funding to
EK, SM, KMR, and RSB was provided by KA 1590/8-2 and
KA 1590/8-3; funding to FD and MCR was provided by the
BiodivERsA grant “Digging Deeper.” We are grateful to the Swiss
National Science Foundation Grant 316030 150817 for funding
the MiSeq instrument at the University of Geneva (CH).
ACKNOWLEDGMENTS
We thank Franck Lejzerowicz for designing the barcodes for the
primers. Sebastian Flues, Kenneth Dumack, and Sebastian Hess
for providing the DNAs of the mock community. We thank Jan
Pawlowski, Emanuela Reo, and Ewan Smith of the University
of Geneva (CH). We thank Doreen Berner and Robert Kahle
for soil sampling and technical support in the laboratory at
the University of Hohenheim. We also thank the manager of
the Alb Exploratory, Swen Renner, and all former managers for
their work in maintaining the plot and project infrastructure;
Simone Pfeiffer for giving support through the central office;
Jens Nieschulze and Michael Owonibi for managing the central
data base; and Markus Fischer, Eduard Linsenmair, Dominik
Frontiers in Microbiology | www.frontiersin.org 10 June 2019 | Volume 10 | Article 1332
fmicb-10-01332 June 8, 2019 Time: 10:19 # 11
Fiore-Donno et al. Community Structure of Soil Protists (Cercozoa)
Hessenmüller, Daniel Prati, Ingo Schöning, François Buscot,
Ernst-Detlef Schulze, Wolfgang W. Weisser, and the late
Elisabeth Kalko for their role in setting up the Biodiversity
Exploratories project. Field work permits were issued by the
responsible state environmental offices of Baden-Württemberg.
SUPPLEMENTARY MATERIAL




Bahram, M., Kohout, P., Anslan, S., Harend, H., Abarenkov, K., and Tedersoo,
L. (2016). Stochastic distribution of small soil eukaryotes resulting from high
dispersal and drift in a local environment. ISME J. 10, 885–896. doi: 10.1038/
ismej.2015.164
Baselga, A. (2017). Partitioning abundance-based multiple-site dissimilarity into
components: balanced variation in abundance and abundance gradients.
Methods Ecol. Evol. 8, 799–808. doi: 10.1111/2041-210X.12693
Bass, D., Silberman, J. D., Brown, M. W., Pearce, R. A., Tice, A. K., Jousset, A., et al.
(2016). Coprophilic amoebae and flagellates, including Guttulinopsis, Rosculus
and Helkesimastix, characterise a divergent and diverse rhizarian radiation and
contribute to a large diversity of faecal-associated protists. Environ. Microbiol.
18, 1604–1619. doi: 10.1111/1462-2920.13235
Bates, S. T., Clemente, J. C., Flores, G. E., Walters, W. A., Parfrey, L. W., Knight,
R., et al. (2013). Global biogeography of highly diverse protistan communities
in soil. ISME J. 7, 652–659. doi: 10.1038/ismej.2012.147
Böhme, A., Risse-Buhl, U., and Küsel, K. (2009). Protists with different feeding
modes change biofilm morphology. FEMS Microbiol. Ecol. 69, 158–169.
doi: 10.1111/j.1574-6941.2009.00710.x
Bonkowski, M. (2004). Protozoa and plant growth: the microbial loop in soil
revisited. New Phytol. 162, 617–631. doi: 10.1111/j.1469-8137.2004.01066.x
Bonkowski, M., Dumack, K., and Fiore-Donno, A. M. (2019). “The protists in soil –
a token of untold eukaryotic diversity,” in Modern Soil Microbiology, eds J. D.
van Elsas, J. T. Trevors, A. Soares Rosado, and P. Nannipieri (Boca Raton, FL:
CRC Press).
Brockett, B. F. T., Prescott, C. E., and Grayston, S. J. (2012). Soil moisture is the
major factor influencing microbial community structure and enzyme activities
across seven biogeoclimatic zones in western Canada. Soil Biol. Biochem. 44,
9–20. doi: 10.1016/j.soilbio.2011.09.003
Bugge Harder, C., Rønn, R., Brejnrod, A., Bass, D., Abu Al-Soud, W.,
and Ekelund, F. (2016). Local diversity of heathland Cercozoa explored
by in-depth sequencing. ISME J. 10, 2488–2497. doi: 10.1038/ismej.
2016.31
Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al.
(2008). BLAST+: architecture and applications. BMC Bioinformatics 10:421.
doi: 10.1186/1471-2105-10-421
Cavalier-Smith, T. (1998). A revised six-kingdom system of life. Biol. Rev. 73,
203–266. doi: 10.1111/j.1469-185x.1998.tb00030.x
Christensen, S., Griffiths, B. S., Ekelund, F., and Rønn, R. (1992). Huge increase
in bacterivores on freshly kille barley roots. FEMS Microbiol. Ecol. 86, 303–310.
doi: 10.1111/j.1574-6968.1992.tb04822.x
Dini-Andreote, F., Stegen, J. C., van Elsas, J. D., and Falcão Salles, J. (2015).
Disentangling mechanisms that mediate the balance between stochastic and
deterministic processes in microbial succession. Proc. Natl. Acad. Sci. U.S.A.112,
E1326–E1332. doi: 10.1073/pnas.1414261112
Dixon, G. R. (2009). The occurrence and economic impact of Plasmodiophora
brassicae and clubroot disease. J. Plant Growth Regul. 28, 194–202. doi: 10.1007/
s00344-009-9090-y
Domonell, A., Brabender, M., Nitsche, F., Bonkowski, M., and Arndt, H.
(2013). Community structure of cultivable protists in different grassland and
forest soils of Thuringia. Pedobiologia 56, 1–7. doi: 10.1016/j.pedobi.2012.
07.001
Dupont, A. ÖC., Griffiths, R. I., Bell, T., and Bass, D. (2016). Differences in soil
micro-eukaryotic communities over soil pH gradients are strongly driven by
parasites and saprotrophs. Environ. Microbiol. 18, 2010–2024. doi: 10.1111/
1462-2920.13220
Edgar, R. C., Haas, B., Clemente, J. C., Quince, C., and Knight, R. (2011). UCHIME
improves sensitivity and speed for chimera detection. Bioinformatics 27,
2194–2200. doi: 10.1093/bioinformatics/btr381
Ehrmann, O., Puppe, D., Wanner, M., Kaczorek, D., and Sommer, M. (2012).
Testate amoebae in 31 mature forest ecosystems - Densities and micro-
distribution in soils. Eur. J. Protistol. 48, 161–168. doi: 10.1016/j.ejop.2012.
01.003
Ekelund, F., and Rønn, R. (1994). Notes on protozoa in agricultural soil
with emphasis on heterotrophic flagellates and naked amoebae and their
ecology. FEMS Microbiol. Rev. 15, 321–353. doi: 10.1016/0168-6445(94)
90068-x
Fierer, N., Bradford, M. A., and Jackson, R. B. (2007). Toward an ecological
classification of soil bacteria. Ecology 88, 1354–1364. doi: 10.1890/05-1839
Fiore-Donno, A. M., Rixen, C., Rippin, M., Glaser, K., Samolov, E., Karsten, U., et al.
(2018). New barcoded primers for efficient retrieval of cercozoan sequences in
high-throughput environmental diversity surveys, with emphasis on worldwide
biological soil crusts. Mol. Ecol. Resour. 18, 229–239. doi: 10.1111/1755-0998.
12729
Fiore-Donno, A. M., Weinert, J., Wubet, T., and Bonkowski, M. (2016).
Metacommunity analysis of amoeboid protists in grassland soils. Sci. Rep.
6:19068. doi: 10.1038/srep19068
Fischer, M., Bossdorf, O., Gockel, S., Hänsel, F., Hemp, A., Hessenmöller, D., et al.
(2010). Implementing largescale and longterm functional biodiversity research:
the biodiversity exploratories. Basic Appl. Ecol. 11, 473–485. doi: 10.1016/j.baae.
2010.07.009
Geisen, S. (2016). The bacterial-fungal energy channel concept challenged by
enormous functional versatility of soil protists. Soil Biol. Biochem. 102, 22–25.
doi: 10.1016/j.soilbio.2016.06.013
Geisen, S., Tveit, A., Clark, I. M., Richter, A., Svenning, M. M., Bonkowski, M.,
et al. (2015). Metatranscriptomic census of active protists in soils. ISME J. 9,
2178–2190. doi: 10.1038/ismej.2015.30
Grossmann, L., Jensen, M., Heider, D., Jost, S., Glücksman, E., Hartikainen,
H., et al. (2016). Protistan community analysis: key findings of a large-scale
molecular sampling. ISME J. 10, 2269–2279. doi: 10.1038/ismej.2016.10
Guillou, L., Bachar, D., Audic, S., Bass, D., Berney, C., Bittner, L., et al. (2013). The
protist ribosomal reference database (PR2): a catalog of unicellular eukaryote
small subunit rRNA sequences with curated taxonomy. Nucleic Acids Res. 41,
D597–D604. doi: 10.1093/nar/gks1160
Hassani, A. M., Durán, P., and Hacquard, S. (2018). Microbial interactions within
the plant holobiont. Microbiome 6:58. doi: 10.1186/s40168-018-0445-0
Heijnen, C. E., Chenu, C., and Robert, M. (1993). Micro-morphological studies
on clay-amended and unamended loamy sand, relating survival of introduced
bacteria and soil structure. Geoderma 56, 195–207. doi: 10.1016/0016-7061(93)
90110-7
Howe, A. T., Bass, D., Vickerman, K., Chao, E. E., and Cavalier-Smith, T. (2009).
Phylogeny, taxonomy, and astounding genetic diversity of Glissomonadida ord.
nov., the dominant gliding zooflagellates in soil (Protozoa: Cercozoa). Protist
160, 159–189. doi: 10.1016/j.protis.2008.11.007
Kaiser, K., Wemheuer, B., Korolkow, V., Wemheuer, F., Nacke, H., Schöning, I.,
et al. (2016). Driving forces of soil bacterial community structure, diversity, and
function in temperate grasslands and forests. Sci. Rep. 6:33696. doi: 10.1038/
srep33696
Karimi, B., Terrat, S., Dequiedt, S., Saby, N. P., Horrigue, W., Lelièvre, M., et al.
(2018). Biogeography of soil bacteria and archaea across France. Sci. Adv.
4:eaat1808. doi: 10.1126/sciadv.aat1808
Krause, S., Le Roux, X., Niklaus, P. A., Van Bodegom, P. M., Lennon, J. T.,
Bertilsson, S., et al. (2014). Trait-based approaches for understanding microbial
biodiversity and ecosystem functioning. Front. Microbiol. 5:251. doi: 10.3389/
fmicb.2014.00251
Lanzén, A., Epelde, L., Blanco, F., Martín, I., Artetxe, U., and Garbisu, C.
(2016). Multi-targeted metagenetic analysis of the influence of climate and
environmental parameters on soil microbial communities along an elevational
gradient. Sci. Rep. 6:28257. doi: 10.1038/srep28257
Frontiers in Microbiology | www.frontiersin.org 11 June 2019 | Volume 10 | Article 1332
fmicb-10-01332 June 8, 2019 Time: 10:19 # 12
Fiore-Donno et al. Community Structure of Soil Protists (Cercozoa)
Lara, E., Mitchell, E. A. D., Moreira, D., and López García, P. (2011). Highly diverse
and seasonally dynamic protist community in a pristine peat bog. Protist 162,
14–32. doi: 10.1016/j.protis.2010.05.003
Lauber, C. L., Ramirez, K. S., Aanderud, Z., Lennon, J., and Fierer, N. (2013).
Temporal variability in soil microbial communities across land-use types. ISME
J. 7, 1641–1650. doi: 10.1038/ismej.2013.50
Lejzerowicz, F., Esling, P., and Pawlowski, J. (2014). Patchiness of deep-sea benthic
foraminifera across the southern ocean: insights from high-throughput DNA
sequencing. Deep Sea Res. II 108, 17–26. doi: 10.1016/j.dsr2.2014.07.018
Lentendu, G., Mahé, F., Bass, D., Rueckert, S., Stoeck, T., and Dunthorn, M. (2018).
Consistent patterns of high alpha and low beta diversity in tropical parasitic and
free-living protists. Mol. Ecol. 27, 2846–2857. doi: 10.1111/mec.14731
Lentendu, G., Wubet, T., Chatzinotas, A., Wilhelm, C., Buscot, F., and Schlegel,
M. (2014). Effects of long-term differential fertilization on eukaryotic microbial
communities in an arable soil: a multiple barcoding approach. Mol. Ecol. 23,
3341–3355. doi: 10.1111/mec.12819
Lindström, E. S., and Langenheder, S. (2012). Local and regional factors influencing
bacterial community assembly. Environ. Microbiol. Rep. 4, 1–9. doi: 10.1111/j.
1758-2229.2011.00257.x
Meyer, K. M., Memiaghe, H., Korte, L., Kenfack, D., Alonso, A., and Bohannan,
B. J. (2018). Why do microbes exhibit weak biogeographic patterns? ISME J. 12,
1404–1413. doi: 10.1038/s41396-018-0103-3
Muller Barboza, A. D., Satler Pylro, V., Seminot Jacques, R. J., Ivonir Gubiani,
P., Ferreira de Quadros, F. L., Kuhn da Trindade, J., et al. (2018). Seasonal
dynamics alter taxonomical and functional microbial profiles in Pampa biome
soils under natural grasslands. PeerJ 6:e4991. doi: 10.7717/peerj.4991
Nemergut, D. R., Schmidt, S., Fukami, T., O’Neill, S., Bilinski, T., Stanish, L., et al.
(2013). Patterns and processes of microbial community assembly. Microbiol.
Mol. Biol. Rev. 77, 342–356. doi: 10.1128/MMBR.00051-12
Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, R. B.,
et al. (2013). Vegan: Community Ecology Package. R Package Version 2.0-10.
Available at: http://CRAN.R-project.org/package=vegan (accessed June, 2019).
Pawlowski, J., Adl, S. M., Audic, S., Bass, D., Belbahri, L., Berney, C., et al. (2012).
CBOL protist working group: barcoding eukaryotic richness beyond the animal,
plant and fungal kingdoms. PLoS Biol. 10:e1001419. doi: 10.1371/journal.pbio.
1001419
Peay, K. G., Kennedy, P. G., and Talbot, J. M. (2016). Dimensions of biodiversity in
the Earth mycobiome. Nat. Rev. Microbiol. 14, 434–447. doi: 10.1038/nrmicro.
2016.59
Perez-Jaramillo, J., Mendes, R., and Raaijmakers, J. M. (2016). Impact of plant
domestication on rhizosphere microbiome assembly and functions. Plant Mol.
Biol. 90, 635–644. doi: 10.1007/s11103-015-0337-7
Ploch, S., Rose, L. E., Bass, D., and Bonkowski, M. (2016). High diversity revealed
in leaf-associated protists (Rhizaria: Cercozoa) of Brassicaceae. J. Eukaryot.
Microbiol. 63, 635–641. doi: 10.1111/jeu.12314
R Development Core Team (2014). R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing.
Regan, K. M., Nunan, N., Boeddinghaus, R. S., Baumgartner, V., Berner, D., Boch,
S., et al. (2014). Seasonal controls on grassland microbial biogeography: are they
governed by plants, abiotic properties or both? Soil Biol. Biochem. 71, 21–30.
doi: 10.1016/j.soilbio.2013.12.024
Regan, K. M., Nunan, N., Boeddinghaus, R. S., Baumgartner, V., Berner, D.,
Boch, S., et al. (2015). Corrigendum to “Seasonal controls on grassland
microbial biogeography: are they governed by plants, abiotic properties
or both?". Soil Biol. Biochem. 86, 212–214. doi: 10.1016/j.soilbio.2015.
03.026
Regan, K. M., Stempfhuber, B., Schloter, M., Rasche, F., Prati, D., Philippot, L.,
et al. (2017). Spatial and temporal dynamics of nitrogen fixing, nitrifying and
denitrifying microbes in an unfertilized grassland soil. Soil Biol. Biochem. 109,
214–226. doi: 10.1016/j.soilbio.2016.11.011
Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: a
versatile open source tool for metagenomics. PeerJ 4:e2584. doi: 10.7717/peerj.
2584
Sapp, M., Ploch, S., Fiore-Donno, A. M., Bonkowski, M., and Rose, L. E. (2018).
Protists are an integral part of the Arabidopsis thaliana microbiome. Environ.
Microbiol. 20, 30–43. doi: 10.1111/1462-2920.13941
Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister,
E. B., et al. (2009). Introducing mothur: open-source, platform-independent,
community-supported software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75, 7537–7541. doi: 10.1128/AEM.
01541-09
Schönborn, W. (1992). Adaptive polymorphism in soil-inhabiting testate amoebae
(Rhizopoda): its importance for delimitation and evolution of asexual species.
Arch. Fuer Protistenkunde 142, 139–155. doi: 10.1016/s0003-9365(11)80077-1
Serna-Chavez, H. M., Fierer, N., and van Bodegom, P. (2013). Global drivers and
patterns of microbial abundance in soil. Glob. Ecol. Biogeogr. 22, 1162–1172.
doi: 10.1111/geb.12070
Shen, C., Liang, W., Shi, Y., Lin, X., Zhang, H., Wu, X., et al. (2014). Contrasting
elevational diversity patterns between eukaryotic soil microbes and plants.
Ecology 95, 3190–3202. doi: 10.1890/14-0310.1.sm
Stempfhuber, B., Richter-Heitmann, T., Regan, K. M., Kölbl, A., Wüst, P. K.,
Marhan, S., et al. (2016). Spatial interaction of archeal ammonia-oxidizers and
nitrite-oxidizing bacteria in an unfertilized grassland soil. Front. Microbiol.
6:1567. doi: 10.3389/fmicb.2015.01567
Strüder-Kypke, M. C., and Hausmann, K. (1998). Ultrastructure of the
heterotrophic flagellates Cyathobodo sp., Rhipidodendron huxleyi Kent, 1880,
Spongomonas sacculus Kent, 1880, and Spongomonas sp. Eur. J. Protistol. 34,
376–390. doi: 10.1016/S0932-4739(98)80007-2
Tecon, R., and Or, D. (2017). Biophysical processes supporting the diversity of
microbial life in soil. FEMS Microbiol. Rev. 41, 599–623. doi: 10.1093/femsre/
fux039
Trap, J., Bonkowski, M., Plassard, C., Villenave, C., and Blanchart, E. (2016).
Ecological importance of soil bacterivores for ecosystem functions. Plant Soil
398, 1–24. doi: 10.1007/s11104-015-2671-6
Turner, T. R., Ramakrishnan, K., Walshaw, J., Heavens, D., Alston, M., Swarbreck,
D., et al. (2013). Comparative metatranscriptomics reveals kingdom level
changes in the rhizosphere microbiome of plants. ISME J. 7, 2248–2258. doi:
10.1038/ismej.2013.119
Urich, T., Lanzén, A., Qi, J., Huson, D. H., Schleper, C., and Schuster, S. C. (2008).
Simultaneous assessment of soil microbial community structure and function
through analysis of the meta-transcriptome. PLoS One 3:e2527. doi: 10.1371/
journal.pone.0002527
Venter, P. C., Nitsche, F., Domonell, A., Heger, P., and Arndt, H. (2017). The
protistan microbiome of grassland soil: diversity in the mesoscale. Protist 168,
546–564. doi: 10.1016/j.protis.2017.03.005
Zhou, J., and Ning, D. (2017). Stochastic community assembly: does it matter in
microbial ecology? Microbiol. Mol. Biol. Rev. 81, e00002–e00017.
Zinger, L., Taberlet, P., Schimann, H., Bonin, A., Boyer, F., De Barba, M., et al.
(2018). Body size determines soil community assembly in a tropical forest. Mol.
Ecol. 28, 528–543. doi: 10.1111/mec.14919
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
The reviewer, BF, declared a past co-authorship, with several of the authors,
AMF-D, KD, and MB, to the handling Editor.
Copyright © 2019 Fiore-Donno, Richter-Heitmann, Degrune, Dumack, Regan,
Marhan, Boeddinghaus, Rillig, Friedrich, Kandeler and Bonkowski. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Microbiology | www.frontiersin.org 12 June 2019 | Volume 10 | Article 1332
